We show that the spatial correlation of the intrinsic alignments (IAs) of galaxies, measured in galaxy redshift surveys, offers a precision route to improve the geometrical and dynamical constraints on cosmology. The IA has been treated as a contaminant against cosmological probes such as weak gravitational lensing experiments, but the large-scale correlation of IAs is expected to follow the coherent large-scale matter inhomogeneities. In particular, the statistics of IA inherently possess anisotropic nature, and in combination with the conventional galaxy clustering statistics, the large-scale IA correlations help to improve the measurements of the geometric distances and growth of structure. Here, we quantify the potential power of IA, and show that with their improved measurements, the constraints on equation-of-state parameter for dark energy and Hubble parameter can be tighter than those from the clustering statistics alone by a factor of more than 1.5.
INTRODUCTION
Mapping the large-scale structure of the Universe with galaxy surveys is one of the main science driver for cosmology. Currently, the key observations are the acoustic signature imprinted on the clustering pattern of galaxies called baryon acoustic oscillations (BAO) (Peebles & Yu 1970; Eisenstein & Hu 1998) , and the clustering anisotropies along the line of sight due to the effect of redshift-space distortions (RSD) (Kaiser 1987; Hamilton 1998) . The precision measurements of BAO and RSD offer an important clue to clarify the nature of cosmic acceleration as well as to probe the gravity on large scales (Weinberg et al. 2013 , for a review). In doing so, the spatial distribution of galaxies is the major observable, ignoring the individual shapes and orientations. While the orientations of distant galaxy images have been established as a promising tool to measure the weak gravitational lensing (Bartelmann & Schneider 2001) , the intrinsic alignments (IAs) of galaxies, determined mainly by the galaxy formation processes, are thought to be a contaminant to be removed in the cosmological data analysis (Heavens et al. 2000; Lee & Pen 2000; Croft & Metzler 2000) . There are numerous works to understand the cosmological impact of IAs, and methods to mitigate the effect have been proposed (Troxel & Ishak 2015; Joachimi et al. 2015) .
On the other hand, the cosmological application of IAs has attracted less attention, and a limited number of works has been done. Yet, there is growing evidence that the spatial correlation of IAs follows the gravitational tidal fields induced by the large-scale structures, and hence it is expected to contain valuable information. In fact, found that the ellipticity auto-correlation of the SDSS luminous red galaxies (LRG), first detected by Hirata et al. (2007) through the galaxy-ellipticity cross correlation, resembles that of the cold dark matter (CDM) halos in cosmological Nbody simulations (see also ). Later, Blazek et al. (2011) has tested the the linear alignment (LA) model (Catelan et al. 2001; Hirata & Seljak 2004) , which relates the IAs to gravitational tidal fields, against the LRG samples, and good agreement was found at large scales (see also Okumura et al. 2020 , for a detailed comparison with simulations). Further, it has been advocated that the statistics of IAs do not only provide a complementary probe (Chisari & Dvorkin 2013) , but also offer a clue to the early universe that is even difficult to probe with the galaxy clustering data (Schmidt & Jeong 2012; Schmidt et al. 2015; Kogai et al. 2018 ). Besides, have found the clear BAO features in various statistics related to the IAs (see also Faltenbacher et al. 2012) .
Motivated by these, in this Letter, we shall clarify the impact of using the IA information, in particular, on the cosmological constraints through the measurements of BAO and RSD. We show, for the first time, that combining the IA statistics is beneficial, and significantly tighten the constraints on cosmological parameters, including the equation-of-state (EOS) parameters for the dark energy and the Hubble parameter, by a factor of more than 1.5, compared to those from the galaxy clustering data alone.
STATISTICS OF IA AND GALAXY DENSITY
FIELDS The primary focus of this Letter is the spatial distribution of galaxies and their orientations projected onto the sky. While the former is characterized by the fluctuations of number density, denoted by δ g (x), the latter is quantified by the two-component ellipticity, (γ + , γ × ), defined with the minor-to-major-axis ratio q on the ce-lestial sphere:
with φ x being the misalignment angle relative to the reference axis. We will below set q to zero for simplicity, which corresponds to the galaxy being assumed to be a line along its major axis ). In the weak lensing measurements, a more convenient way to characterize the ellipticity distribution is the rotation-invariant decomposition called E-/B-modes, γ E,B (Kamionkowski et al. 1998; Crittenden et al. 2002) , and these are defined, in Fourier space, by
are the Fourier counterpart of the ellipticity fields, and φ k is the azimuthal angle of the wavevector projected on the celestial sphere, measured from the xaxis. Then, we consider the two-point statistics among δ g and γ E,B . To quantify the cosmological information encoded in these statistics, we adopt the LA model as we mentioned above. In Fourier space, it is given by
with C 1 being the redshift-dependent coefficient (Okumura & Taruya 2019). Here we used the Poisson equation to relate the gravitational potential to the mass density field, δ m . Note that the actual ellipticities we observe are the density-weighted, i.e., (1 + δ g ) γ +,× , but at large scales, the term δ g γ +,× is higher order and can be ignored. Then Equation (2) leads to γ B = 0, and the non-vanishing two-point statistics in Fourier space become the auto-power spectra of the galaxy density and E-mode ellipticity, and their cross power spectrum, which we respectively denote by P gg , P EE , and P gE . In redshift space, where the line-of-sight position of galaxies is determined by the redshift, the observed galaxy density field is affected by the effect of RSD. Further, the ellipticity of galaxies is measured on the celestial sphere normal to the line-of-sight. Thus, all the power spectra considered here exhibit anisotropies along the line-of-sight direction, and denoting the directional cosine between the wavevector and line-of-sight direction by µ, they are expressed as function of k and µ. In the linear theory limit, we have (see , for their configurationspace counterparts)
Here, we assume the linear bias relation between the galaxy and matter density fields, and b 1 is the coefficient. The quantity f is the linear growth rate defined by f = d ln D(a)/d ln a with a and D being respectively the scale factor of the Universe and linear growth factor, and P lin is the linear-order matter power spectrum at the redshift z. It is to be noted that the BAO is imprinted on P lin , and using its characteristic scale as a standard ruler, the geometric distances to the galaxies at redshift z, i.e., the Hubble parameter H(z) and angular-diameter distance d A (z) are determined via the Alcock-Paczynski effect (Alcock & Paczynski 1979) , which further induces the apparent anisotropies on top of the anisotropic power spectra given above. That is, with the Alcock-Paczynski effect, the projected wavenumbers perpendicular and parallel to the line-of-sight direction, k ⊥ and k , are respectively replaced with (d A /d A,fid ) k ⊥ and (H/H fid ) −1 k , and the power spectra given above are further multiplied by the factor (H/H fid )(d A /d A,fid ) −2 (Seo & Eisenstein 2003; Taruya et al. 2011) , where the quantities with subscript indicate those estimated in a fiducial cosmological model.
FORECASTING COSMOLOGICAL
CONSTRAINTS Apart from the cosmological information encoded in P lin , the shape and amplitude of the measured power spectra P a ≡ (P gg , P gE , P EE ) are characterized by the parameters,
, among which the latter three have explicit cosmological dependencies, and are used to test and constrain cosmological models. In order to examine the constraining power of these power spectra, we use the Fisher matrix formalism. Regarding the power spectra P a as cosmological probes, provided the survey volume V survey , minimum and maximum wavenumbers k min and k max for cosmological data analysis, the Fisher matrix is evaluated with
where θ i , the parameters mentioned above, are to be estimated from the measured power spectra. Thus the number of free parameters are five for a given z-slice.
The matrix cov ab is related to the error covariance of the measured power spectra, whose dominant contributions are the shot noise arising from the discreteness of galaxy distribution, and the cosmic variance due to the limited number of Fourier modes for a finite-volume survey. Focusing on the BAO scales, the Gaussian covariance is a reasonable approximation, and we have
which is given as a function of k and µ. Here the quantity with tilde is the power spectrum including the shot noise contribution, i.e., P gg = P gg + 1/n gal and P EE = P EE + σ 2 γ /n gal , with n gal being the mean number density of galaxies. The quantity σ γ represents the scatter in the intrinsic shape per component, arising mainly from the measurement uncertainty (shape noise). tive purpose, we consider the Baryon Oscillation Spectroscopic Survey (BOSS) LOWZ and CMASS galaxies, which are the largest samples to date at z 0.33 and 0.50. Further, we consider the upcoming survey, Dark Energy Survey Instrument (DESI), and combine its LRG samples at 0.6 ≤ z ≤ 1.2 with BOSS galaxies to examine how the cosmological parameters are better constrained when combining the IA statistics. Note that with a precision measurement of IAs, we can further extend the analysis up to z ∼ 2.4 (Takada et al. 2014) . Below, we assume a flat ΛCDM model determined by Planck Collaboration et al. (2016) as our fiducial cosmology. For parameters characterizing the surveys and observed galaxies (i.e., V survey , n gal , and b 1 ), we adopt To make a conservative estimate, we restrict the analysis to large scales where the linear theory is safely applied, and set k min and k max to 2π/V 1/3 survey and 0.1 h Mpc −1 , respectively.
The results of the Fisher matrix calculations are shown in Figure 1 , where we separately plot the results using P gg alone (black), P EE alone (red), and those using the three power spectra (blue), labeled respectively as GG, II, and GG+GI+II. Here, the redshift-dependent amplitude of E-mode ellipticity C 1 was chosen as C 1 = c 1 /(1 + z) 2 with the fiducial value of c 1 = 0.75, close to the one found in SDSS LRG samples Blazek et al. 2011) , setting q to zero. Further, we adopt σ γ = 0.3 for all surveys as a typical shape noise (Schmidt et al. 2015) .
The left panel of Figure 1 plots the expected twodimensional error (68%C.L.) on the growth of structure and geometric distances, f (z), d A (z) and H(z), normal-ized by their fiducial values, and we specifically show the results from the BOSS CMASS samples. The linear growth rate determined through RSD [i.e., Eqs. (3) and (4)] is known to degenerate with the power spectrum amplitude (Percival & White 2009 ), and the constraint on the growth rate here is plotted in the form of f σ 8 (z), with σ 8 being the fluctuation amplitude at 8 h −1 Mpc. Clearly, the combination of galaxy clustering data with the IA correlations leads to tighter constraints, and for the CMASS samples, the one-dimensional marginalized error on each parameter is improved by a factor of 1.7−2, compared to the one obtained from the P gg data alone. This is mainly because the auto-power spectrum P EE is insensitive to the RSD effect. The IA statistics then tighten the constraints on the geometric distances, and this helps breaking the degeneracy between geometric distances and f σ 8 through the P gg and P gE data.
These trends are essentially the same for BOSS LOWZ and DESI LRG samples at z 0.8. Right panel of Figure 1 summarizes the one-dimensional marginalized errors on f σ 8 (top), d A and H (bottom), plotted as function of z. Because of the redshift-dependent amplitude C 1 ∝ (1 + z) −2 , the E-mode ellipticity starts to be dominated by the shape noise as increasing z, and in our setup, the errors on the geometric distances from P EE data become inflating at z 0.8. Still, the use of IA statistics is beneficial, and combining the P EE and P gE data, the constraint on each parameter is improved by ∼ 17% even at z = 0.95.
The results in Figure 1 are the model-independent geometric and dynamical constraints, and these can be translated into the specific cosmological model constraints (Seo & Eisenstein 2003) . As an explicit demonstration, we consider a flat CDM model having the dark energy with the time-varying EOS parameter, w(a) = w 0 +(1−a)w a (Chevallier & Polarski 2001; Linder 2003) . We then compute the statistical errors on the mass den-sity parameter Ω m , dark energy EOS parameters w 0 and w a , and the present Hubble parameter H 0 , marginalizing over the fluctuation amplitude at present time, σ 8 (0). The results are shown as two-dimensional error contours (68%C.L.) in Figures 2 and 3 . In deriving the cosmological constraints, surveys at different z-slice are assumed to be independent without any cross talk.
In Figure 2 , we show the results for the constant dark energy EOS, fixing w a . Since we do not here use the prior information from the cosmic microwave background (CMB) observations, only with the BOSS data, constraining power on cosmological parameters is restrictive. Nevertheless, combining the IA statistics gives a substantial improvement, and the error volume for the 3 parameters is shrunk by a factor of 5. Adding the DESI data now gives tighter constraints, and the fractional errors on the Hubble parameter H 0 and dark energy EOS parameter w 0 are significantly reduced, down to 1.5% and 12%, respectively. Although the relative impact of combining the IA statistics is degraded due to the redshift-dependent amplitude C 1 , the error volume for the 3 parameters is reduced by a factor of 3.5 compared to the one from the galaxy clustering data, thus typically a factor of 1.5 improvement on each parameter.
The benefit of combining the IA statistics still holds even when adding the CMB prior information, shown in Figure 3 , where we assume the 0.2% and 0.9% errors on the determination of CMB acoustic scale and Ω m h 2 , respectively. These priors enable us to sufficiently pin down the late-time cosmic expansion, and thus allow to constrain the time variation of the dark energy EOS, i.e., w a . Combining the IA statistics, we obtain the onedimensional marginalized error, ∆w a = 0.54, while the errors on H 0 and w 0 remain almost the same as shown in Figure 2 . Even with the BOSS data, an excellent performance is expected, and the combination of the IA statistics improves the errors on each parameter by a factor of 1.8 − 3.
Note that the outcome of these Fisher matrix analyses relies on our specific setup. In particular, the parameters characterizing the amplitude and error of the measured ellipticity fields, C 1 (or c 1 ) and σ γ , change the benefit of the IA statistics. To elucidate their impacts, we estimate the figure-of-merit, defined by FoM ≡ 1/ det(F −1 ab ), where F ab is the sub-matrix of the Fisher matrix for the geometric distances and growth of structure, or that of the converted Fisher matrix for the cosmological parameters, marginalized over other parameters. Taking the ratio of FoM for the combined data set of galaxy clustering and ellipticity field to that for the galaxy clustering data alone, i.e., FoM GG+GI+II /FoM GG , in Figure 4 , the results for the BAO and RSD parameters (i.e., d A , H, and f σ 8 ) and the cosmological parameters are plotted as function of c 1 (left) and σ γ (right). Also, in Table  1 , the numerical values of the results for c 1 = 0.5 and σ γ = 0.5 are summarized, together with those for the fiducial setup.
As anticipated, the benefit of combining IA correlations largely depends on c 1 and σ γ , and looking at the BAO and RSD parameters, the relative impact varies a lot at low-z slices. Nevertheless, we still see a sizable improvement. Even with the suppressed amplitude of el- Note. -Results shown in Figure 4 are tabulated particularly in the cases with c 1 = 0.5 and σγ = 0.5, together with the results of the fiducial setup (c 1 = 0.75 and σγ = 0.3, labeled as 'Fiducial'). lipticity field or enhanced shape noise by a factor of 2, the relative impact of combining IA correlations exceeds 2, indicating the ∼ 20% gain for each parameter, compared to the case with galaxy clustering data alone.
CONCLUSION AND OUTLOOK
While IAs of galaxies have been considered as the systematics in the cosmological study with weak-lensing observations, their spatial correlation is expected to follow the statistical nature of large-scale structure, and with a proper theoretical modeling, a measurement of galaxy ellipticity field can deliver the cosmological information, complementary to the galaxy clustering data. We have demonstrated that the large-scale anisotropies in the IA statistics, predicted by the LA model, are useful to constrain cosmology, and in combination with the conventional clustering statistics, the IA statistics substantially improve the precision of RSD and BAO measurements, especially at low redshifts. As a result, even restricting the analysis to large scales, the achievable precision from the galaxy surveys at z = 0.3 − 1.2 will be improved by a factor of more than 1.5 for each parameter, including the Hubble parameter and the dark energy EOS parameters. Even reducing the signal of IA correlation by half, combining the IA statistics is still beneficial, and the 20% improvement is possible for the constraint on each cosmological parameter.
Finally, our forecast results are based on several simplifications and approximations, which have to be verified and/or improved in practical application to observations. Among these, Gaussianity of the error covariance and the linear theory treatment of the RSD ignoring the Fingersof-God effect (Scoccimarro 2004; Taruya et al. 2010 ) are known to respectively change the derived cosmological constraints and the power spectra, although their impacts can be mitigated by restricting the analysis to large scales as we considered here. Another concern would be the accuracy of the LA model to describe the observed ellipticity fields. Albeit its success in good agreement with both observations and simulations, it is the simplest model mainly applicable to elliptical galaxies, and through the observational contamination of other types of galaxies as well as possible nonlinear systematics, the use of LA model may result in a biased parameter estimation. Similar to the galaxy bias (Desjacques et al. 2018) , the improved theoretical description, while mitigating systematics, is indispensable, and is left for a future work (see, e.g., Blazek et al. 2019; Vlah et al. 2019 , along the line of this).
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